Since transphosphorylation of receptor I by receptor II is essential to initiate signaling, we investigated further whether activation of T␤RI by T␤RII was required for association of MADR2 with the receptor complex. To test this, we cotransfected MADR2 together with various wild-type and kinase-deficient versions of the type II and I receptors and assessed the association of MADR2 with TGF␤ receptor complexes. While receptor complexes containing wild-type T␤RII and kinase-deficient T␤RI coprecipitated with MADR2, we detected no association between MADR2 and receptor complexes containing kinase-defective type II receptors ( Figure 1B ). Since this mutation specifically abolishes transphosphorylation of the type I receptor, these data indicate that activation of T␤RI by T␤RII is required for the association of MADR2 with the receptor complex. These findings indicate that MADR2 transiently associates with the TGF␤ receptor through its interaction with the type expressing endogenous receptors. To drive formation and activation of receptor complexes, cells were treated briefly with TGF␤, and receptors were purified from cell MADR proteins mediate signaling by transmitting the signal directly from the receptors to the nucleus.
lysates using antibodies directed against T␤RII. Immunoprecipitates were then subjected to an in vitro kinase assay using bacterially expressed MADR2 as a subResults strate. When receptors were isolated from Mv1Lu cells in the absence of TGF␤ addition, only basal levels of MADR2 Transiently Associates with the TGF␤ Receptor MADR2 phosphorylation were observed ( Figure 2A ). However, pretreatment of the cells with TGF␤ for 30 To investigate possible associations between MADR proteins and ser϶thr kinase receptors, we focussed our min, which yields maximal heteromeric receptor complex formation , resulted in a dramatic efforts on MADR2, the phosphorylation of which we recently showed is regulated by TGF␤ signaling pathincrease in the phosphorylation of MADR2 by the receptor complex. In contrast, when receptors were isolated ways (Eppert et al., 1996) . Our initial attempts to detect interactions using wild type TGF␤ receptors failed to from the mutant Mv1Lu derivative R1B cell line, which expresses wild-type T␤RII but lacks endogenous type detect association of MADR2 with either T␤RI or T␤RII receptor alone or with the receptor complex ( Figure 1A , I receptor and are unresponsive to TGF␤, no TGF␤-dependent increase in MADR2 phosphorylation could and data not shown). However, given the mechanism of TGF␤ receptor signaling, we reasoned that a physiologibe detected. Phosphoamino acid analysis revealed that while the basal phosphorylation occurred on serine and cal substrate of the complex might associate transiently with T␤RI and that to detect interaction may require the threonine residues, the TGF␤-dependent increase occurred predominantly on serine residues ( Figure 2C ). use of a catalytically inactive kinase to trap the substrate. To investigate this possibility, we transiently exThus, MADR2 is not a substrate of T␤RII alone, and its recognition and phosphorylation require ligand-induced pressed FlagMADR2 together with wild-type T␤RII and either wild-type T␤RI or its kinase-deficient version and assembly and activation of the heteromeric receptor complex. visualized receptors by affinity-labeling with [
125 I]TGF␤.
Analysis of MADR2 immunoprecipitates prepared from
To determine whether the in vitro phosphorylation mapped to the same sites on MADR2 as those phoscells expressing wild-type receptors revealed that no coprecipitating receptors were detected (Figure 1) (A) and (B) of Mv1Lu cells, were resolved by twodimensional electrophoresis in pH 1.9 and pH 3.5 buffers (C). Tryptic digests of the same samples were resolved in two dimensions by electrophoresis in pH 1.9 buffer and chromatography in phosphochromatography buffer (D). The relative migration of the phosphoserine (pS), phosphothreonine (pT), and phosphotyrosine (pY) standards are indicated (C). The relevant phosphopeptides (arrows) and the location of the sample application (ϩ) are marked (D). Mix, mixture of aliquots of in vivo and in vitro labeled MADR2 from Mv1Lu cells (ϩTGF␤) from (A) and (B). expresses low levels of FlagMADR2 (Eppert et al., 1996) that is incompletely phosphorylated in the in vitro reactions (Boyle et al., 1991) . To confirm that in vitro phosand purified MADR2 from cell lysates using the Flag M2 monoclonal antibody. The basal phosphorylation of phorylation was the same as that observed in vivo, a mixture of tryptic fragments of MADR2 phosphorylated MADR2 in these cell lines was low and mapped to a single tryptic phosphopeptide ( Figures 2B and 2D ).
under both conditions was analyzed. Mapping of this sample demonstrated comigration of the phosphopepHowever, brief treatment of the cells with TGF␤ resulted in a rapid induction in MADR2 phosphorylation, which tides. These mapping data indicate that phosphorylation in vitro by purified receptors mimicks the phosphorylaoccurred predominantly on serine residues, on a single, major phosphopeptide that migrated toward the anode tion observed in vivo and suggest that MADR2 is a direct substrate of the heteromeric TGF␤ receptor complex in (Figure 2 ). Maps prepared from in vitro phosphorylated MADR2 also showed nonspecific basal phosphorylation vivo.
To determine the specificity of MADR interactions with of the protein in assays using receptors isolated from untreated cells. However, brief treatment of the cells the TGF␤ receptor, we analyzed the MAD-related protein, DPC4, which was first identified as a tumorwith TGF␤ prior to purification of the receptors led to the appearance of a novel phosphopeptide that appeared to suppressor gene in pancreatic carcinoma (Hahn et al., 1996) . MADR immunoprecipitates were prepared from comigrate with the TGF␤-dependent phosphopeptide identified in vivo ( Figure 2D ). In the course of these [ 125 I]TGF␤ affinity-labeled cells coexpressing T␤RII and kinase-deficient T␤RI together with either MADR2 or experiments, we consistently observed an additional phosphopeptide in the in vitro maps that migrated on DPC4. While receptor complexes were detected in MADR2 immunoprecipitates, no receptors coprecipitata diagonal with the peptide observed in vivo (see Figures  2, 4 , and 5). Since the migration of the TGF␤-specific ing with DPC4 were observed ( Figure 3A) . Similarly, in vitro kinase assays showed that TGF␤ receptors could phosphopeptide toward the anode at pH 1.9 is consistent with multiple phosphorylation on a single peptide, phosphorylate bacterially expressed MADR2 but not DPC4 ( Figure 3B ). Thus, MADR2 and not another related the additional peptide may represent a phosphoisomer COS-1 cells, transfected with activated T␤RI together with wildwith T␤RI and HA-tagged T␤RII, were incubated with 0.5 nM TGF␤ type (WT) or mutant (R462A and R462H) Flag-MADR2, were labeled for 30 min at 37ЊC. Receptor complexes isolated from cell lysates with [ 32 P]phosphate. Flag-MADR2 was isolated by immunoprecipitaby immunoprecipitation using anti-HA antibodies were subjected to tion, and tryptic digests of gel-purified MADR2 were resolved in two an in vitro kinase assay with GST-MADR2 or GST-DPC4 as a subdimensions as described in Figure 2 . The relevant phosphopepstrate. Phosphorylation of GST-MADR2 and GST-DPC4 was visualtides (arrows) and the location of the sample application (ϩ) are ized by SDS-PAGE and autoradiography. The coomassie stained indicated. gel indicating the relative level of MADR proteins is shown (bottom (C) Phosphopeptide mapping of wild type or a phosphorylation site lane).
mutant of MADR2. Mv1Lu cells were incubated with TGF␤ (0.5 nM) for 30 min at 37ЊC, and receptor complexes were isolated by immunoprecipitation with anti-T␤RII antibody. Receptors were subjected MADR specifically associates with and becomes phosto an in vitro kinase assay using wild-type GST-MADR2 (WT) or phorylated by the TGF␤ receptors.
mutant GST-MADR2(3S-A) as substrate. Phosphopeptide mapping was described in (B). that it is small with a net negative charge at pH 1.9. We searched the sequence of MADR2 to identify putative Coexpression of either of these MADR2s together with tryptic phosphopeptides that would possess this unthe activated TGF␤ type I receptor resulted in increased usual property and identified the C-terminal site as a phosphorylation of the mutant protein that was indistinlikely candidate ( Figure 4A ). Under the oxidation condiguishable from wild-type MADR2 (data not shown). tions used, the cysteine residue together with phosphorHowever, tryptic phosphopeptide mapping of MADR2 ylated serine residues at the tail would yield a peptide (R462A) showed that the TGF␤-dependent peptide miwith a net negative charge. grated more slowly toward the anode and had increased To confirm that this tryptic phosphopeptide was demobility in the chromatographic step relative to the wild rived from the C-terminal tail of MADR2, we altered the type ( Figure 4B ). The altered migration is consistent with trypsin cleavage site by substituting the arginine at posia reduction in the charge-to-mass ratio and an increased tion 462 with alanine or histidine and examined TGF␤-dependent phosphorylation of the mutant proteins.
MADR2 Is Phosphorylated on the C-Terminal
hydrophobicity of the longer peptide generated from Figure 1 , and receptors were immunoprecipitated with anti-HA antibody (bottom lane, receptors). The migration of T␤RII and T␤RI is indicated. (B) Tryptic phosphopeptide mapping of GST-MADR2. Tryptic digests of gel-purified GST-MADR2 from the indicated lanes were resolved in two dimensions and visualized by autoradiography. The relevant phosphopeptides (arrows) and the location of the sample application (ϩ) are indicated.
tryptic cleavage of MADR2(R462A) ( Figure 4A ). Mapping
Phosphorylation of MADR2 Requires of MADR2(R462H) revealed that the TGF␤-dependent
Activation of T␤RI by T␤RII phosphopeptide migrated even further to the cathode To determine the requirements for phosphorylation of relative to R462A, consistent with introduction of an MADR2 by the TGF␤ receptor, we isolated receptor additional positive charge into the peptide. These data complexes from cells transfected with various combinaprovide strong evidence that the major TGF␤-dependent tions of wild-type or kinase-deficient receptors. For phosphopeptide is derived from the C-terminus of these studies, we utilized COS-1 cells, which contain MADR2.
low levels of TGF␤ receptors and thus provide little enTo confirm that the C-terminal serines were the sites dogenous background of wild-type receptors. As deof phosphorylation by the TGF␤ receptor, we generated scribed above, MADR2 was not phosphorylated by MADR2(3S-A) in which the three C-terminal serine resi-T␤RII alone but was strongly phosphorylated by immudues were changed to alanine residues ( Figure 4A ).
noprecipitates containing T␤RII and T␤RI ( Figure 5A ). In Phosphopeptide mapping of bacterially expressed contrast, immunoprecipitates containing kinase-defi-MADR2(3S-A) subjected to an in vitro kinase assay with cient T␤RII and wild-type T␤RI failed to phosphorylate TGF␤ receptors showed that phosphorylation at the MADR2. Further, in cells cotransfected with kinase-defi-TGF␤-induced site was abolished ( Figure 4C ). Further, cient T␤RI and wild-type T␤RII, only slight increases in the second peptide, consistently observed in the in vitro phosphorylation of MADR2 were observed ( Figure 5A ). kinase assays, was also absent in maps of MADR2(3S-This apparent increase could be due to either autophos-A), providing support for the notion that this extra pepphorylated T␤RII comigrating with glutathione S-transtide represents a phosphoisomer and that multiple serferase (GST)-MADR2 or to a small amount of endogeines may be phosphorylated in the tail.
nous T␤RI, which could coprecipitate with T␤RII and We also examined the phosphorylation of MADR2 phosphorylate MADR2. Phosphopeptide mapping fur-(3S-A) in intact cells. MADR2 or MADR2(3S-A) were ther confirmed that specific phosphorylation of MADR2 expressed alone or together with either wild type or at the C-terminal serines only occurred when wild-type constitutively active T␤RI, and cells were labeled with TGF␤ receptors were used ( Figure 5B ). We also exam-[ 32 P]phosphate. Previous studies have shown that subined whether MADR2 could function as a substrate of stitution of a threonine at position 204 in T␤RI yields a unactivated T␤RI. Using elevated levels of T␤RI, we deconstitutively active receptor that signals and phosphortected some phosphorylation of MADR2 in the in vitro ylates MADR proteins in the absence of ligand and type kinase assays. However, this phosphorylation occurred II receptor (Wieser et al., 1995; Eppert et al., 1996) . Conwith low efficiency, was nonspecific, and did not occur sistent with our in vitro observations, typical increases on the TGF␤-regulated site (data not shown). In these in phosphorylation of wild-type MADR2 were observed studies, using human T␤RII, we consistently observed in cells expressing activated T␤RI, while no increased two additional phosphopeptides that were not present phosphorylation of MADR2(3S-A) was detected ( Figure  in analyses that utilized endogenous Mv1Lu receptors. 4D). Together, these data show that the C-terminal serWe determined that these extra tryptic phosphopepine residues of MADR2 are the major sites of phosphorylation by the TGF␤ receptor.
tides were derived from autophosphorylated human T␤RII, which has an extra glycosylation site and comigrates with GST-MADR2 during SDS-PAGE (data not shown). These studies together with our analysis of receptor association strongly suggest that MADR2 is a direct substrate of the TGF␤ receptor complex, is phosphorylated by the receptor I kinase, and that this activity requires transphosphorylation of receptor I by receptor II. Since transphosphorylation within the TGF␤ receptor complex is required for TGF␤ signaling, these results suggest that MADR2 is a physiologically relevant substrate of the TGF␤ receptor.
Phosphorylation of MADR2 by the TGF␤ Receptor Is Required for Signaling
To gain more direct evidence that the interaction and phosphorylation of MADR2 by the receptor is necessary for the initiation of TGF␤ signaling, we investigated the effects of MADR2(3S-A) expression on TGF␤ responses. assays, we observed a 6-fold decrease in TGF␤-induced luciferase activity. To determine whether wild-type MADR2 could reverse this effect, we lowered the dose by preventing association and phosphorylation of enof MADR2(3S-A) to threshold levels where dominant dogenous MADR2 protein by the receptors. Together, negative activity was still apparent ( Figure 6A ). Under these results show that the transient association and these conditions, coexpression of wild-type MADR2 phosphorylation of MADR2 by the TGF␤ receptors is with MADR2(3S-A) restored TGF␤-dependent induction required for MADR2 function and initiation of TGF␤ sigof the 3TP promoter back to control levels ( Figure 6A ).
naling. These data indicate that the phosphorylation site, mutant MADR2(3S-A), acts as a dominant negative in TGF␤ signaling by blocking the function of endogenous Phosphorylation of MADR2 Is Required for Nuclear Accumulation MADR2 protein.
To determine the potential mechanism underlying the To investigate the potential role of phosphorylation in MADR2 function, we investigated the subcellular localdominant-negative activity of MADR2(3S-A), we investigated the association of this mutant with the TGF␤ reization of MADR2 and MADR2(3S-A). We transiently transfected HepG2 cells with wild-type or mutant Flagceptor. As described above, the interaction of wild-type MADR2 was only detectable in the presence of kinase-MADR2 and visualized the proteins by immunofluorescence and confocal microscopy. Similar to our previous deficient type I receptors ( Figure 6B ). In contrast, analysis of the interaction of the MADR2(3S-A) with receptors observations on the distribution of MADR1, in control cells, MADR2 immunoreactivity was diffuse and was revealed that the mutant protein stably associated with wild-type TGF␤ receptors ( Figure 6B) . Furthermore, the found throughout the transfected cells (Figure 7) . However, in transfectants expressing constitutively active level of interaction with the wild-type receptors was comparable to that observed with complexes containing T␤RI, Flag-MADR2 was found predominantly in the nucleus, with little immunoreactivity detected in the cytokinase-deficient type I receptors. Since this mutation abolishes TGF␤ receptor-dependent phosphorylation, plasm ( Figure 7 ). Similar to wild-type MADR2, in control transfectants, MADR2(3S-A) was found throughout the these data indicate that MADR2 phosphorylation is required for dissociation of the protein from the receptor cell, indicating that the mutant protein does not have an intrinsic defect in its ability to enter the nucleus. and suggest that MADR2(3S-A) blocks TGF␤ signaling the upstream kinase responsible for MADR phosphorylation and the role that phosphorylation plays in regulating MADR2 function were unknown. In this report, we demonstrate that MADR2 transiently associates with the TGF␤ receptor complex and that this association requires transphosphorylation of the type I receptor by the type II receptor. We demonstrate that MADR2 is a direct substrate of the TGF␤ receptor and that phosphorylation is catalyzed by the type I receptor kinase. Phosphorylation of MADR2 by the receptor complex occurs on the C-terminal serine residues, and this activity requires activation of receptor I by receptor II. Expression of a phosphorylation site mutant of MADR2 functions as a dominant negative in TGF␤ signaling and stably associates with the wild-type TGF␤ receptors. Furthermore, we show that phosphorylation of MADR2 is required for the nuclear accumulation of the protein in response to TGF␤ signaling. Our results suggest a model for the regulation and function of MADR2 in TGF␤ signaling. Ligand-induced receptor complex formation results in receptor II-mediated activation of receptor I, ing, whereas the phosphorylation site mutant (3S-A) displays a diffuse staining pattern.
MADR2 Is a Substrate of the TGF␤ Receptor Complex
However, in contrast to wild-type MADR2, in cells coBiochemical and genetic studies of the molecular retransfected with activated T␤RI, we could detect no quirements for signaling by ser϶thr kinase receptors change in the subcellular distribution of the mutant prohave shown that signaling requires type II and I receptein (Figure 7 ). To better quantitate these observations, tors and is initiated when the type I receptor is transwe analyzed the localization of MADR2 by standard phosphorylated by receptor II (Massagué and Weis-Garimmunofluorescence microscopy using counterstaincia, 1996) . A central role for the type I receptor in ing with DAPI to identify nuclei. We examined 20 raninitiating the signal to downstream substrates is demondom fields (approximately 150-250 cells/sample) and strated by the observation that constitutively active type counted the percentage of cells displaying predomi-I receptors signal in the absence of type II or ligand nantly nuclear staining. In control transfectants express- (Wieser et al., 1995) . Numerous proteins that interact ing either wild-type MADR2 or MADR2(3S-A) alone, only with the TGF␤ receptor have been characterized, pri-7.5% and 9.1% of cells, respectively, displayed promimarily based on their interaction with TGF␤ receptor nent nuclear staining. However, coexpression of wildkinase domains in yeast two hybrid screens. However, type MADR2 with activated T␤RI resulted in an almost some of these, such as TRIP1 or farnesyl-transferase-␣ 10-fold increase (70.5%) in cells displaying nuclear loare constitutively phosphorylated by unactivated recepcalization of the protein. In contrast, when MADR2(3S-tor kinases or are not substrates, as in the case of A) was coexpressed with activated T␤RI, no significant FKBP12 (Wang et al., 1994; Chen et al., 1995 ; Kawabata change in subcellular localization was detected, and et al., 1995; Ventura et al., 1996; Wang et al., 1996a , only 6.5% of cells had predominant nuclear staining. 1996b). Thus, these receptor-interacting molecules are These data indicate that phosphorylation of MADR2 by not likely to be directly involved in initiating signaling the TGF␤ receptors is required for the nuclear accumulabut may serve an accessory or regulatory role in receptor tion of MADR2 and TGF␤ signaling.
function. In contrast to these previous studies, our studies on MADR2 show that the interaction and phosphorylation of the protein by the TGF␤ receptor is transient, Hoodless et al., 1996; Liu et al., 1996) . Therefore, the transient interaction of MADR2 with the receptor consistent with our data is a model in which phosphorylation of the GS domain results in MADR2 recognition may be essential in allowing the phosphorylated protein to enter the nucleus and is consistent with a nuclear of receptor I. The phosphorylated GS domain may serve as a docking site for MADR2 protein or may bind an function for MADR proteins. Based on the observation that MAD-3 can synergize with DPC4 to induce TGF␤-accessory molecule that serves as a site for MADR2 interaction. Alternatively, phosphorylation in the GS dolike responses, Zhang et al. (1996) proposed that this MADR protein may act in TGF␤ signaling. Consistent main may function to alter the conformation of the kinase domain, thus allowing binding and phosphorylation of with this, these authors reported that MAD-3, like MADR2, associates with the TGF␤ receptor. However, MADR2 by the active site of the kinase.
in contrast to our studies, TGF␤-dependent regulation of MAD-3 phosphorylation was not demonstrated. ComReceptors Phosphorylate MADR2
parison of MADR2 and MAD-3 sequences reveals that on the C-Terminal Serines these proteins share 91% identity, suggesting that they Our studies to map the phosphorylation site on MADR2 may have similar functions, and further studies will be have led to the identification of the C-terminal serines required to clarify this issue. as the site for phosphorylation by the TGF␤ receptors. The presence of phosphoisomers in the peptide maps MADR2 Phosphorylation Regulates of MADR2 phosphorylated in vitro suggests that multiple its Nuclear Accumulation serines are phosphorylated in the tail. We have atInvestigations in both mammalian and Xenopus systems tempted to identify which of these serines are targeted have shown that activation of ser-thr kinase receptor by the receptor kinase. However, mutation of individual signaling pathways results in the nuclear accumulation serine residues appears to block TGF␤-dependent inof MADR proteins (Baker and Harland, 1996; Hoodless et creases in MADR2 phosphorylation in intact cells (data al., 1996; Liu et al., 1996) . Our analysis of the subcellular not shown). Further, we have been unable to obtain thus distribution of MADR2 shows that this protein is distribfar sufficient quantities of the TGF␤-dependent phosuted throughout the cell in unstimulated cultures but phopeptide from in vitro assays for microsequence analredistributes into the nucleus in response to TGF␤ sigysis. Thus, unambiguous determination of which of the naling. In contrast, the phosphorylation site mutant three serines are phosphorylated has not been obtained, MADR2(3S-A) fails to accumulate in the nucleus. Thus, and we continue to pursue this important question. Interphosphorylation of MADR2 by the receptor is required estingly, the C-terminal serine residues are conserved for its nuclear accumulation in response to TGF␤ sigin MADR1, and preliminary experiments indicate that naling. these sites are a target for BMP2-dependent phosphoryThere are numerous examples of signaling systems lation (M. M. S. and J. L. W., unpublished data). Recently, in which activation of cytoplasm components results in Zhang et al. (1996) demonstrated that coexpression of their nuclear translocation. However, our data showing elevated levels of DPC4 along with a novel MADR, that in unstimulated cells MADR proteins are present in termed MAD-3, resulted in the synergistic activation of the nucleus and the cytoplasm is more consistent with TGF␤ responses. Although these responses were ligand a model in which the protein normally exists in an equilibindependent, they suggest that DPC4 may function in rium between these two compartments. Thus, phosthe TGF␤ signaling pathway. Since DPC4 does not assophorylation may function to shift the equilibrium reciate with nor become phosphorylated by the TGF␤ resulting in redistribution of the protein into the nucleus. ceptor, these data suggest that DPC4 may fulfill some Within this context, phosphorylation may act to alter the other function that is not regulated by receptor-depenconformation of MADR2 or provide a docking site, thus dent phosphorylation of the molecule. It will be of interallowing stable interaction with its nuclear targets and est to determine how the DPC4 class of MADR proteins redistribution of the protein into the nucleus. Interestare regulated by ser϶thr kinase receptor signaling ingly, recent studies of ␤-catenin have led to the propathways.
posal of a similar model in which the nuclear accumulation of ␤-catenin requires its specific interaction with a DNA binding factor in the nucleus (Molenarr et al., 1996) .
Transient Association and Phosphorylation of MADR2 Is Required for TGF␤ Signaling
Given that the MH2 domain of MADR proteins are transcriptional activators, it is intriguing to speculate that We have observed that phosphorylation of MADR2 is necessary for its dissociation from the TGF␤ receptor.
phosphorylation of MADR2 may drive association with DNA binding proteins, thus leading to activation of tranBlocking phosphorylation of MADR2 by mutation of the sites for phosphorylation leads to stable association scription and initiation of TGF␤ responses.
serum at 37ЊC for 30 min, and the receptors were cross-linked to MADR Proteins Signal Directly from the Receptor the ligand as described previously (Massagué , 1987 rectly by the receptor kinase, resulting in accumulation or DPC4 protein as substrate. MADR proteins were expressed in of MADR2 in the nucleus. This mechanism for MADR bacteria as a GST fusion protein and purified as described previously (Smith and Corcoran, 1994) . The eluted protein was dialyzed oversignaling would appear to restrict the possibility for innight at 4ЊC in 10 mM Tris-HCl (pH 7.4), 0.1 mM EDTA, and 0.1 teractions in the cytoplasm and may reduce the overlap mM dithiothreitol, concentrated using Centricon 3 concentrators between MADR signaling and other pathways. Indeed, (Amicon) and 2 g used as a substrate in the kinase assay. Protein recent studies of the regulation of MADR1 and MADR2
phosphorylation was analyzed by SDS-PAGE and autoradiography.
phosphorylation have shown that they are regulated specifically by BMP and TGF␤ signaling pathways, re-
Transcriptional Response Assay
spectively (Eppert et al., 1996; Hoodless et al., 1996) .
For TGF␤-inducible luciferase reporter assays, HepG2 cells were transiently transfected with the reporter plasmid (p3TP-lux) and the Our studies clearly define an important role for phosindicated constructs or with empty vector alone. Cells were seeded phorylated MADR2 in the nucleus. It will be interesting at 25% confluency in 24-well plates and transfected overnight with in the future to identify the nuclear targets of MADR2 0.5 g DNA per well using the calcium phosphate-DNA precipitation and determine how these targets are regulated to initiate method as described previously . To induce TGF␤ signaling.
the luciferase reporter, cells were treated overnight in 50 pM TGF␤. Luciferase activity was measured using the luciferase assay system Experimental Procedures (Promega) in a Berthold Lumat LB 9501 luminometer.
